by means of iodine ionization in superficial conditions, or X-ray therapy when deeper structures are involved.
Circumscribed allergic skin reactions such as are occasionally encountered in the course of localized infections (erysipeloid) appear to respond to the electrical introduction of the adrenaline and calcium ion into the affected regions.
While on the subject of electrical introduction of ions, I should like to mention that, in collaboration with my surgical colleagues, we have for some time made use of what might be termed "electro-chemotherapy". As is vaguely implied, electricity is employed to drive ions possessing the property of inhibiting pathological organisms into affected tissues.
Of the sulphonamide group of drugs, sodium sulphathiazole and sulphacetamide are on trial and appear to .be giving gratifying results.
More recently, we have used sodium penicillin. Both -the technique and the posology are still the objects of experimentation, but I think this method of treatment may prove of value in conjunction with surgery when it steps out of the experimental phases.
At all times the patients remain under the surgeons-in-charge. To them I am indebted both fox entrusting me with the physical treatment of their cases and for allowing me to demonstrate the methods used. I am particularly grateful to Mr. R. H. Boggon who is in charge of the segregated septic cases in this hospital. [April 14, 1945] The Physical Basis of Radiant Heat Therapy By DAVID S. EVANS and K. MENDELSSOHN' (From the Nuffield Department of Clinzical Medicine, Oxford University) IN clinical usage the term "radiant heat" usually refers to radiation in the red end of the visible spectrum (0.65 /A -0 73 M) together with the invisible infra-red rays (0-73 u -10 IA). As a physical phenomenon infra-red radiation is distinguished from X-rays, ultraviolet rays and visible light only by its greater wavelength. All these radiations are electromagnetic waves and represent a flow of energy emanating from the radiation source. The intensity of such radiation is determined by the quantity of heat developed in a body (known as a black body) which absorbs all -the radiation falling on it.
However, although these various types of radiation can all be put into the same class of physical phenomena, their physiological effects, and hence their clinical applications, are widely different. For example, a physiological reaction, such as the production of vitamin D, which can be brought about by irradiation with feeble ultraviolet radiation cannot be effected at all by infra-red rays, even with intensities a thousand times as great. Many similar examples, illustrating the great variety of effects which are produced by different kinds of radiation, could be given, but they can all be reduced to a fairly simple scheme by considering the physical nature of the phenomena.
The difference in action between shortand long-wave radiation can readily be understood by reference to the quantum theory, which states that radiant energy is not to be regarded as a continuous stream, but is made up of "atoms" (quanta) of radiation, each of energy = hv where h is a constant (6*6 X 10-27 erg seconds) and, is the frequency of the radiation ( "Working with a personal grant from the Medical Research Council.
This shows that quanta are not all of the same energv, but those of shorter wavelength (higher frequency) are bigger than those in long-wave radiation. Since the constant h is of very small size, the discontinuous nature of radiation is not apparent to our gross senses, but this property becomes of primary importance when the effect of radiation on atoms and molecules, including those of living tissues, has to be considered. In general, radiant energy is taken up by agglomerations of molecules in the form of an increased vibration of these molecules; that is to say. there is an increase in their temperature. However, if quanta of sufficient energy, depending oIn the particular species of molecule, are supplied, they may be able to effect a structural change in the molecule itself, that is, the radiation will produce a chemical change. It now becomes clear why a few quanta of ultraviolet radiation (whose energy is large since the radiation is of short wavelength) can produce an effect which can never be produced by even an enormous number of the smaller infra-red quanta, the reason being that the latter contains no single quantum big enough to effect this particular chemical change in the molecule.
It is true that the greater part of the energy of ultraviolet radiation, or the still shorter X-rays, goes into producing a rise of temperature when these rays are absorbed by the tissues,.but the striking effects produced by the few quanta involved in chemical reactions overshadow this thermal effect. The particular property which distinguishes infra-red radiation on the other hand is that, when absorbed in the tissues, it produces no specific reaction and causes nothing but a rise in temperature.
This statement seems fairly safe, since the therapeutic effects, such as vasodilatation, increase in surface circulation, and desensitization of nerve ends, which are produced by infra-red, can be explained by the rise in temperature of the tissues. This distinction between specific and non-specific energy absorption by the tissues, which is explained by the quantum effects, makes it clear why we refer to infra-red radiation as "radiant heat"; the expression implies that we can with impunity supply so much energy to the patient that he registers the increased molecular vibration as heat sensation. No such course is possible with ultraviolet or X-rays because the attendant specific chemical reactions produce harmful effects at intensities far too low to cause a noticeable increase in temperature. It is significant that the total energy taken up by the patient in a single treatment with ultraviolet amounts to about 10 calories only, whereas ai much as 25,000 calories may be administered in a single local treatment with infra-red and up to 200,000 calories in a single general treatment with an apparatus such as a radiant heat cradle. The lack of specific action of infra-red radiation, and the absence of insidious chemical changes such as are produced by even small doses of short-wave radiation, provide an ideal process for pumping energy into the patient. The same fact shows that we are unlikely to produce any therapeutic effects with infra-red except by energy doses much larger than those employed in X-ray and ultraviolet therapy. Large doses of infra-red will have to be administered with a certain amount of care and control, for, in general application, they may become comparable with the normal energy excretion of the whole body, and even in local application clinically effective doses of infra-red are likely to tax severely the capacity of the body for eiiergy removal from the irradiated area.
Our first task must therefore be to determine the total energy flow received by the patient. The quality or "colour" of the radiation will have a certain effect, but, because of the non-specific nature of the effects of infra-red radiation, this factor will not be of the same crucial importance as it is in the case of short-wave radiations. The chief danger associated with the administration of infra-red radiation is that of giving an overdose sufficient to upset the processes of energy removal from the body. This means that an error of a few per cent. in the estimation of the applied radiant heat is not likelv to lead to serious consequences, and a very high accuracv is therefore niot required of an indicator for use in clinical practice. On the other hand, neglect of certain, not immediately obvious, physical factors, can, as we shall see, lead to the application of doses up to 200% larger than is intended, and we must therefore make a brief analvsis of the physical factors involved.
First, we consider the sources from which the radiation comes. Any heated body emits radiation, and, if radiation reflected from its surface be neglected, the amount and wavelengths of the emitted radiation depend only on the absolute temperature of the body. The energy emitted from one square centimetre of the surface of a hot body (strictly a black body in the sense used above) in various wavelengths and for a series of temperatures is shown in fig 1. The curves for different temperatures all have a similar shape, but the wavelength in which the maximum energy is emitted becomes shorter the hotter the surface. The total energy emitted at each temperature is represented by the area under the appropriate curve, and, since the curves do not intersect, Proceedings of the Royal Society of Medictne 14 ihe total energy radiated from one square centimetre becomes greater as the temperature of the surface is increased. (The total energy radiated is proportional to the fourth power 6f the absolute temperature.)
If an incandescent source is to emit its maximum radiation in the ultraviolet it must be very hot-10,000 degrees absolute or more---and a relatively small source will emit a very large amount of energy. The cooler radiation sources, emitting energy chiefly in the infra-red, do not radiate much energy per square centimetre, and a source radiating mainly in the far infra-red (sav 7 to 8 IA) must The total energy radiated from a surface of given size at the temperature indicated is proportional to the area under the curve. Inset: The areas shown all give the same total emission of radiant energy to surroundings at room temperature. is to emit an appreciable amount of energy. Thi. is an important consideration for the therapist. A point source which would give a beam of radiation cannot be used since its output would be far too small, and extended radiation sources will have to be employed.
Even when there is no artificial source of radiation a patient is continually exposed to the radiation from his surroundings. For example, an undressed patient standing in a room at 20°C. receives from all directions the radiation appropriate to this temperature, but his skin, which is at, say, 30°C., will emit more radiation than it receives. Clearly what matters for clinical application is not the absolute amount of energy received, but the excess over that which -the patient will normally receive from his surroundings: in addition, when considering the amount of radiation received by a portion of the patient's skin, we must take into account all the radiation emanating from within a hemisphere described about the skin element under consideration. If, as is often the case, this hemisphere contains bodies (e.g. lamps, hot metal shields, the walls of the room, &c.) at various temperatures and at various distances, the radiation from which arrives at various angles on the skin, all these factors must be taken into account. It is clear that an estimation of the actual clinical dose from a consideration of the effects of the various energy sources involved may in many cases be quite impossible owing to the mathematical difficulties involved. The quantity on which the clinician should base his treatment is the flow of radiation, coming from all directions which would -pass through a unit surface in the place of the patient's skin, and he should determine the amount of this energy received by direct measurement with a suitable instrument and not attempt to deduce it from such data as the power of his treatment lamp.
As a clinical unit suitable for specifving the energy received by the skin of a patient we have adopted the gram-calorie passing through a square centimetre in one minute. Since this definition. containing an energy, an area and a time, is somewhat cumbersome, we propose the short and simple name pyron for this unit.1 As an example of the various physical factors which play a part in producing the total energy flow received by the patient we take an infra-red source in common usethe radiant heat cradle. This has been discussed in detail elsewhere (Evans and Mendelssohn, 1944) and we therefore confine ourselves to the main features. An element of the skin of a patient beneath the cradle receives radiation from three different types of source: (i) the filaments of the lamps; (ii) the glass envelopes of the bulbs; and (iii) the metal background of the cradle. Sources (i) and (ii) radiate at full strength within about a minute of switching on the cradle, but source (iii) only reaches its power after more than an hour, when the metal background has reached equilibrium. Although it radiates from each square centimetre of its surface only about one-thousandth of the energy emitted by one square centimetre of lamp filament, the metal background is so extensive that it occupies a considerable part of the radiating hemisphere, and we must not, as has sometimes been done, neglect its contribution to the flux received by the patient. In fact, it has been shown, both by computation, and by direct measurement, tfiat a square centimetre of skin in the centre of the cradle will receive about 0 5 pyron from sources (i) and (ii) and about 1 pyron (all in long-wave infra-red) from source (iii). In other words, a patient put under the cradle will receive three times as much radiation after an hour as he did at the beginning of the treatment. Thus, if the initial 6onditions under the cradle had been taken as those specifying the treatment, it is clear that, after some time, the patient (or a patient put under a similar cradle which had previously been warmed up) would have received an overdose of 200%. The therapist should, therefore, keep this time factor in mind, and should check the radiation flux administered to the patient in the course of treatment if there is a danfger of parts of the treatment source warming up gradually.
The difficulty of estimating the actual amount of radiant energy administered is aggravated by the fact that sorne of the thermo-radiometers (instruments for measuring radiation flux) which have been proposed for clinical use will not register any of this large amount of long-wave radiation. In order to obtain quick response and a high degree of accuracy, glass-enclosed vacuum thermo-elements are sometimes used to measure radiation flux. Such an instrument will register accurately the flux received from the lamp filaments, but practically the whole long-wave flux coming from the comparatively cool cradle background (cf. fig. 1 ) is absorbed in the glass envelope and is left unregistered. Mayneord and Tulley (loc. cit.), who describe such an instrument for clinical use, stress this deficiency, and point out that the thermo-couples so far in use should be employed only in conjunction with a source emitting nothing but short-wave infra-red.
It is felt, however, that any instrument, the use of which is restricted to certain physical conditions the assessment of which may be difficult for the clinician, will be of rather limited practical use, and we have therefore tried to develop a thermo-radiometer which will register the total energy, independently of its wavelength. It is fortunate that the advantages of the vacuum thermo-couple-high sensitivity and very high accuracy, qualities most desirable in an instrument for phvsical investigation-are not essential in an efficient clinical indicator. Compared with the intensities registered in many physical researches, those employed in clinical work are enormous, and an error of even 10% in estimating the dose is likely to be well within the range of tolerance as between different patients. It is clear that a thermo-radiometer which registers infra-red radiation under all conditions of clinical treatment within a few per cent. of the true value will probably be of greater use to the therapist than an extremely accurate instrument, which, when wrongly employed, will indicate only a third of the dose actually administered (e.g. fig. 4) .
A thermo-element does not in itself register an energy but a temperature, and only by determining by some primary physical method the radiation flux which will raise the receiver element to a given temperature can we calibrate such an instrument. If we dispense with a glass envelope the receiver temperature is affected, not only by the incident radiation, but also by the surrounding air. Its effects are produced in two ways: by heat conduction and by small air currents. The first effect can largely be eliminated IL This is in effect the same unit as that proposed by Mayneord and Tulley (1943) who, however, define it as "intensity of radiation " and state that it should be measured " perpendicular to the beam." Our definition merely extends the use of the unit proposed by these authors to include cases where no definite beam of radiation exists. by placing the cold refercnce junction in close proximity to the recording junction. We have already described the principle of an instrument in which this has been done (Evans and Mendelssohn, 1944) , its essential features being two receiver plates attached to two thermo-junctions. one plate being exposed to the radiation from the hemisphere to which the patient's skin is exposed, and the other to a hemisphere artificially kept at room temperature. Fluctuations due to small air currents canl be overcome bv increasing the area and thermal capacitv of the receiving surface. We have to pav for this by the inability of the instrumIent to record instantaneouslv, btut this is not of great importance in clinical use.
WVe have now perfected the laboratory tvpe of ilnstrument previouslv emploved to a form suited to clinical tuse (fig. 2) . It records the radiation flux applied in clinical therapy within a few per cent., and a final reading is obtained in about thirty seconds. The blackened background opposed to the seconcd (reference) receiver plate can be watercoolcd if the instrument is to be used for continuoLs measturement unider conditions (e.g. in a hot cradlle) such that the thermal capacity of the background would not be sulfficient to keep it down to room temperature, but watercooling is not essential if the instrument is to be used onlv for occasional determinations under a treatment lamp.
Using the instrument ve have tletermined the energy pr-ofiles of tivo common treatment souirces ( fig. 3. a an(d b) . Nothing has been said so far about the reflection of radiation, either from parts of the source, or from the skin. The polished metal reflector of a treatment lamp will -not necessarily reflect the rays from the source to the patient, and, in fact, will only do so if the reflector has a particular shape. e.g. that of a paraboloid with the radiation source at the focus. If favourable geometrical conditions are absent the amount of reflected radiation reaching the patient may be small. In our work on cradles we found that reflection played only an insignificant part in producing the flux received, because the positions of the lamps resulted in multiple reflections in which energy was dissipated in warming up the cradle background. These considerations are of importance to the designer of therapeutic radiation equipment, but need not worry the clinician, for, with his thermo-radiometer, he determines the radiation flux actually received by his patient irrespective of whether it has come direct from the source, has been reflected, or is secondary radiation from parts of the equipment warmed up by primary riadiation from the source.
Reflection by the skin is usually considered to be about 20% of the total radiation incident upon it. This again is a poiint which need hardly disturb the clinician, for the reflected percentage will be roughly the same for all patients and for all parts of the body. If, therefore, treatment is based on determination of radiation doses with a thermo-radiometer, and on the clinically observed effects of these doses, it is a matter of indifference to the therapist whether or not a certain percentage of the radiation has been reflected. It is likely that there will be a variation of the reflection with wavelength employed (Oppel and Hardy, 1937) , and this, as well as the more important question of the dependence of the absorption processes on wavelength (Bachem and Reed, 1931; Laurens and Foster, 1937) , can only be settled by further research.
In some cases radiant heat is not applied directly to the skin, but through a blanket or other covering. In this case the estimation of ihe energy received by the patient is not so simple. A certain proportion, probably dependent on wavelength, of the original radiation will be transmitted through the interposed material. The radiation absorbed by the material will raise its temperature and cause it to act as a secondary radiator, and in addition, there will be a transfer of energy by conduction. The last two items will depend on the temperature acquired by the interposed material and this will depend very much on the conditions of treatment. If, for instance, the interposed material is free to lose heat by air currents, its temperature, other things being equal, will be much lower than in still air. The first item, the proportion of incident radiation transmitted, can be determined with some certainty and has been measured by us for a number of common materials. Radiation from an incandescent filament lamp (radiation maximum , 1-5 p) and from an open electric fire (radiation maximum 3 /t) with equal fluxes of about 1 pyron were used. Table I gives the percentages of incident radiation transmitted by the materials in the two cases. 
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It can be seen that a somewhat greater proportion is transmitted of the radiation from the source -giving the shorter wavelength. The experiments were check-ed by a repetition using aboutdouble the radiation flux. The tabulated figures should not be taken as indicating more that the order of magnitude of the transmitted proportions.
The energy received by the patient bv conduction and secondary radiation will vary greatly in different circumstances, and there is no simple way of assessing these contributions. We h4ve determined them separately in one case. The thermo-radiometer was placed at a given distance from an open electric fire and the flux noted. A piece of lint was interposed close to the receiver, and the transmitted energy noted. The lint was left in position until it had warmed up so that the thermo-radiometer then indicated the transmitted energy plus the secondary radiation from the lint. The thermo-radiometer was then replaced by a calorimeter which registered the total energy received by transmission secondary radiation and conduction. The receiving surface of the calorimeter was in direct contact with the lint, probably simulating to some extent the condition of the skin of a patient covered with a laver of lint. The energy contributions are shown in Table II .
This shows that about 60% of the original energy reaches the skin when a layer of lint is interposed, half of this being due to transmitted radiation, and half to cQnduction, secondary radiation in this case being very small. Obviously this last itemn might have been much larger if conditions were such as to allow the lint to reach a higher temperature, as might happen in a cradle or under a closed lamp.
Conduction processes, such as that described above, lie, strictly speaking, outside the domain of radiant heat estimation, but, as we have seen, the application of infra-red consists in nothing but the pumping of thermal energy into the patient, so that the therapist will be interested, not only in energy received by radiation, but in the total energy received in all ways, including conductioni. This presents more difficulty than the measurement of radiant heat proper. The calorimeter used by us, which was specially developed for these investigations, is a laboratory instrument which has to be used with discretion, and the reduction of its readings entails some computation. Some simplification might be possible, but it is uncertain whether an instrument, giving a direct reading as the thermo-radiometer does, could be devised for general clinical use. On the other hand, general physical argument enables us to assess the amount of conduction in some important therapeutic conditions. Under a treatment lamp separated from the patient by an air space, the bare skin is likely to receive only a negligible amount of energy by conduction.
Taking the other extreme, when the bare skin of the patient is irradiated in a completely enclosed space ( fig. 5) we can arrive at the result by the following consideration of the energy balance: the total energy output of the source has to be dissipated, and a certain fraction reaches the skin of the patient. The question is whether this fraction would be different if the space were evacuated, thus eliminating air conduction. If we make the apparently reasonable assumption that the losses to the outside are the same whether the space is evacuated or not, the same amount of energy should be received by the skin in both cases. When there is no air the iadiation arrives direct and there is of course no conduction. When the space is filled with air, it absorbs a little of the radiation, but the warmed air then repays this by conduction. In this case also we can therefore neglect air conduction if we are concerned only with the total energy supplied and not with the mechanism which transmits it. Air conduction will, however, play an iihportant part when the skin of the patient is covered by material such as a blanket, either in direct contact with it, or separated by a narrow air space. In such a case, air conduction adds its contribution to the energy transmitted by the covering, but in all cases the covering reduces the energy flow to the patient by the amount reflected from the upper surface of the covering back towards the original source. Fig. 5 leads to another interesting consideration. Unless energy is continually removed from the irradiated tissues, these will take up a temperature similar to that of the rest of the enclosure. In the case of the cradle, the enclosing surfaces, blankets, metal background, &c., may become too hot to touch. This is not surprising considering the large amounts of energy used in radiant heat therapy. The fact that the skin temperature is only slightly raised under the same conditions is, of course, due to the physiological processes responsible for the removal of energy from the irradiated region, i.e. perspiration and blood circulation. The increase in vasodilatation under infra-red radiation which causes a more rapid removal of energy from the body surface is clearly a defence mechanism against overheating of the skin. A detailed survey of the processes of energy absorption would be a most complex matter, clearly falling outside the scope of this paper, but a few general conclusions may safely be drawn on physical grounds. First, infra-red therapy can never remain a purely local treatment since the energy pumped into any part of the body by radiation will be removed to other parts of the body, and the process of removal will even be speeded up by the application of the radiation. Secondly, there must be a threshold of radiation flux beyond which the removal processes will be unable to prevent local overheating, and when this is passed there will be a rapid rise in skin temperature, finally causing a radiation burn. This threshold is likely to depend on the wavelength employed, because it appears that short-wave radiation has a deeper penetration into the tissues than long-wave infra-red. Although a certain amount of work has been done on these problems information on the relation between heat sensation, local heat production, and depth of penetration under high radiation fluxes is too incomplete fo allow definite conclusions to be drawn.
In particular a well-founded determination of the limits of tolerance would be desirable.'
Here we meet immediately another difficulty. If irradiation just below the tolerance limit is carried out on a restricted skin area, we assume tacitly that the total energy received by this skin area will be lost by the rest of the body without difficulty. However, if we now increase the area irradiated, we must eventually reach a stage when the total energy received can no longer be lost without difficulty. This means, of course, that the tolerance limit must decrease as the area of irradiation is increased.
For instance, the energy received under a heat cradle is about 200,000 calories per hour, or about twice the normal metabolic heat production. Normally, about 20,000 calories per hour are lost by evaporption (insensible perspiration), the remainder being lost by convection and radiation, but under the cradle, neither of these two latter modes of heat excretion is open to the patient, and he must dissipate his entire intake of heat, together with his own metabolic heat, by means of perspiration. This means that instead of losing about 40 grammes of water per hour by evaporation, he must now evaporate about 600 grammes per hour. Again, these figures only indicate the order of magnitude and neglect such changes as, for example, a decrease in the metabolic heat production. Even so, it is clear that these conditions must tax severely the heat removal processes of the bodv, and, indeed, irradiation under a cradle can be used as a means of raising the body temperature. This brings us to the induction of pyrexia and hvperpvrexia bv means of radiant heat, for, if we nrevent heat loss by evaporation bv saturating the air inside the cra(lle or heat bath with water vapour, the heat losses by respiration, and by perspiration from the headwill be quite inadequate to counterbalance the heat intake, and th,e body temperature will rise rapidly. The clinical observations on the efficiency and suitability of 'radiant heat for the induction of artificial hyperpyrexia are still somewhat contradictory (cf. Krusen, 1941 ) and it appears that a good deal of information concerning tolerance limits, maximum safe skin temperatures, and other relevant factors is needed before anything definite can be said about this type of treatment.
It seems to us that one of the main difficulties confronting the clinician who uses large doses of radiant heat will be to distinguish between local and general effects. This can be exemplified by the observation that in local application of heat, skin temperatures between 400 C. and 450 C. will produce no ill-effects (Mendelssohn and Rossiter, 1944) but it would be impossible to keep a patient for any length of time in a saturated atmosphere of this temperature. SUMMARY Infra-red radiation has no specific action on the tissues: its therapeutic value is due to the fact that it supplies them with energy in the form of heat. The determination of the total radiation flux reaching the patient should, therefore, be the first consideration.
An analysis of the physical factors involved shows that infra-red sources, particularly those emitting long-wave radiation, have to be of considerable area, which, in many cases, makes the technique of beam therapy inapplicable. This, together with the problem presented by secondary radiation, makes computation of dosage difficult, and treatment should, therefore, be based on the measurement of radiation flux incident on the patient's skin. A suitable instrument for clinical use has been described.
The effect of interposing various materials in reducing the incident radiation has been investigated, and -it has been found that shorter wavelengths have, in general, a slightly higher penetrating power.
The effect of heat conduction through the air, incidental to radiant heat treatment, on the total heat supplied to the patient, has been discussed, and determined in one particular case. A rough survey of the physical factors governing heat removal from the tissues shows that treatment by infra-red can never remain purely local.
